� Background and Aims Deposition of silica in plant cell walls improves their mechanical properties and helps plants to withstand various stress conditions. Its mechanism is still not understood and silica-cell wall interactions are elusive. The objective of this study was to investigate the effect of silica deposition on the development and structure of sorghum root endodermis and to identify the cell wall components involved in silicification. � Methods Sorghum bicolor seedlings were grown hydroponically with (Siþ) or without (Si�) silicon supplementation. Primary roots were used to investigate the transcription of silicon transporters by quantitative RT-PCR. Silica aggregation was induced also under in vitro conditions in detached root segments. The development and architecture of endodermal cell walls were analysed by histochemistry, microscopy and Raman spectroscopy. Water retention capability was compared between silicified and non-silicified roots. Raman spectroscopy analyses of isolated silica aggregates were also carried out. � Key Results Active uptake of silicic acid is provided at the root apex, where silicon transporters Lsi1 and Lsi2 are expressed. The locations of silica aggregation are established during the development of tertiary endodermal cell walls, even in the absence of silicon. Silica aggregation takes place in non-lignified spots in the endodermal cell walls, which progressively accumulate silicic acid, and its condensation initiates at arabinoxylan-ferulic acid complexes. Silicification does not support root water retention capability; however, it decreases root growth inhibition imposed by desiccation. � Conclusion A model is proposed in which the formation of silica aggregates in sorghum roots is predetermined by a modified cell wall architecture and takes place as governed by endodermal development. The interaction with silica is provided by arabinoxylan-ferulic acid complexes and interferes with further deposition of lignin. Due to contrasting hydrophobicity, silicification and lignification do not represent functionally equivalent modifications of plant cell walls.
INTRODUCTION
Plant cell walls constitute a complex compartment that determines the mechanics of plant organs, forms conduits for water and solutes, and establishes a repository for toxic substances (Evert, 2006) . By miscellaneous structural modifications the cell walls can additionally adopt highly specialized functions providing efficient adaptations to distinct environments and conditions (Houston et al., 2016) . In grasses (Poaceae), the impregnation of cell walls with silica particles is a typical outcome of silicon supplementation that improves mechanical properties of their tissues and correlates with increased tolerance of various biotic and abiotic stresses (Ma, 2004; Hodson et al., 2005; Cooke and Leishman, 2011; Liang et al., 2015) . Grasses are silicon-accumulating plants where the content of silicon per dry weight can reach 10 % (Epstein, 1999) .
Because these plants can exhibit severe growth defects under Si deprivation, Si can be considered as an essential element for them Detmann et al., 2012) . However, the metabolism and functions of silicon in plants are still not well understood (Exley, 2015; Liang et al., 2015) .
Silicic acid is the main source of silicon taken up by roots, either passively or actively, involving silicon transporters (Richmond and Sussman, 2003; . The passive uptake of silicic acid is conducted together with water through extracellular spaces and is restricted by the apoplasmic barriers located in the exodermis and endodermis of the roots (Aston and Jones, 1976; Ma et al., 2011) . In silicon-accumulating species a cooperative system of silicon transporters is used to cross these apoplasmic barriers and allows plants to collect much higher concentration of silicon than is present in the substrate Yamaji et al., 2015) . Subsequently, silicic acid is transferred by conductive tissues, where it may reach concentrations far exceeding its solubility limit (Casey et al., 2003; Mitani et al., 2005) . A significant portion of silicic acid is distributed to shoot epidermal tissues, where it is mineralized into amorphous hydrated silica (SiO 2 �nH 2 O) (Richmond and Sussman, 2003) . As silica deposition predominates in the aboveground organs and correlates with their transpiration rates, water evaporation and dehydration are considered to be the key factors responsible for silica formation (Rudall et al., 2014; TrembathReichert et al., 2015) . On the other hand, grass cell walls contain several unique components, such as arabinoxylans, mixed-linkage glucans and ferulic acid, that are often assumed to participate in silica deposition (Perry et al., 1987; Inanaga and Osaka, 1995; Fry et al., 2008; He et al., 2015; Zhang et al., 2015; Guerriero et al., 2016) . These constituents govern some of the wall's mechanical properties, but their roles in silicification are not clear.
Sorghum bicolor is a drought-tolerant crop that in addition to leaf silicification exhibits extensive formation of silica aggregates in the root endodermis (Sangster and Parry, 1976a, b, c) . Silicification in sorghum roots is often viewed as an adaptation to drought, but the underlying mechanism is elusive (Sangster, 1978; Lux et al., 2002) . Supplementation with silicic acid was correlated with improved root viscoelastic properties, hydraulic conductivity and drought resistance, but the link between these silicon-induced changes and endodermal silicification is not known (Hattori et al., , 2005 Liu et al., 2014 Liu et al., , 2015 .
In this work we studied silicification as a complex process involving the uptake, distribution and deposition of silicic acid, and investigated its effect on cell wall development and composition. We selected silicification in sorghum roots as a model system in order to exclude the role of transpiration. Moreover, we tested the effect of endodermal silicification on water retention capability in roots exposed to desiccation to understand better the role of silica aggregates in the drought tolerance of sorghum plants.
MATERIALS AND METHODS

Plant material, pre-cultivation and standardized controlled conditions
Experiments were performed with seedlings of Sorghum bicolor 'Gadambalia'. Standard pre-cultivation consisted of 15 min grain sterilization with 2�5 % sodium hypochlorite, rewashing the grains with distilled water, and 24 h imbibition in distilled water. Grains of similar morphology were selected and germinated for 72 h in a dark chamber, at 25 � C and 60 % humidity. For standard 3-d cultivation, developed seedlings with similar morphology were selected and used for experiments. Seedlings were grown in hydroponic media containing (1) distilled water only (Si�) or (2) distilled water containing sodium silicate (Na 2 O(SiO 2 ) x �xH 2 O) at a final concentration of 1 mmol dm �3 (Siþ). The final pH of hydroponic solutions was adjusted to 5�8.
For extended 10-d cultivation, the seedlings were grown in (1) 1 = 2 Hoagland hydroponic solution only (HS/Si � treatment), or (2) 1 = 2 Hoagland hydroponic solution containing sodium silicate solution at a final concentration of 1 mmol dm �3 (HS/Siþ treatment). The pH of hydroponic solutions was adjusted to 5�8. The hydroponic solutions were changed on the fourth and seventh days of cultivation.
Cultivation was performed under standardized controlled conditions in a growth chamber with photoperiod 16 h : 8 h (light : dark), with photosynthetically active radiation (PAR) of �200 lmol m �2 s
�1
, at 25 � C : 18 � C (light : dark) and 70 % air humidity.
Preparation of peeled-off segments and longitudinal observation of silica aggregates and inner tangential cell walls Peeled-off root segments were used in some experiments and to observe directly silica aggregates and the inner tangential cell walls (ITCWs) of the endodermis (referred to as the 'longitudinal view'). For their preparation, the rhizodermis and outer cortical tissues of primary roots were mechanically removed to expose the inner surface of the inner tangential and anticlinal cell walls of the endodermis. The peeled-off root segments thus consisted of stele covered by endodermal ITCWs and parts of anticlinal cell walls (Supplementary Data Fig. S1 ) (Lux et al., 2002) .
Quantitative RT-PCR analysis of silicic acid transporters
Samples were collected after standard 3-d cultivation with Siþ or Si � treatment from primary root regions 0-4 cm from the tip (apex) and 1-5 cm from the root-shoot junction (base). Lateral roots were removed and the samples were frozen in liquid nitrogen and homogenized with a pestle and mortar. Total RNA was extracted with a GeneJET TM RNA Purification Kit (Thermo Scientific, USA) and DNase treatment was carried out with a DNA-free TM kit (Thermo Scientific, USA) following the manufacturer's instructions. Reverse transcription was performed with M-MuLV reverse transcriptase (Thermo Scientific, USA) and random hexamer primers. Primers for SbLsi1, SbLsi2 and SbLsi6 (Table 1) were designed according to corresponding homologous sequences in maize. Maxima SYBR Green/ROX qPCR Master Mix (Thermo Scientific, USA) together with 400 nM of each primer was used for 25 lL of real-time PCR reaction performed with an ABI Prism 7500 Sequence Detection System (Applied Biosystems, USA). Each PCR reaction was replicated three times, including no-template controls. Results were analysed with 7500 System software (Applied Biosystems, USA) and are presented as 2 -DCt (DCt represents the difference between the threshold cycle values (Ct) of the target genes and the reference gene for actin).
Transfer of silicic acid to endodermal cells
After 3 d of cultivation in Si � solution, seedlings with primary roots �15 cm in length were selected. The rhizodermis and outer cortical tissues were mechanically removed from primary roots in the region 6-8 cm from the root-shoot junction (peeledoff region; see Supplementary Data Fig. S1 ). Each seedling was then arranged according to the diagram in Supplementary Data Fig. S2 . The peeled-off regions overlapped joint borders of two rectangular boxes containing either (1) 1 = 2 Hoagland hydroponic solution only (HS/Si � treatment) or (2) 1 = 2 Hoagland hydroponic solution containing sodium silicate solution at a final concentration of 1 mmol dm �3 (HS/Siþ treatment). The seedlings were oriented either with root apices in HS/Siþ and root bases in HS/Si � solution (Siþ/apex), or inversely (Siþ/base).
In order to prevent desiccation of the peeled-off regions, they were covered with wet paper roll (without contact with the hydroponic solutions). After 24 h, the samples were collected from three primary root regions: (1) root apex (from the root tip to the peeled-off region); (2) the peeled-off region; and (3) the root base (from the peeled-off region to the root-shoot junction).
Sequential analysis of ITCW development
After extended 10-d cultivation, the apical parts of primary roots (0-15 cm from the root tip) were segmented into ten regions 1.5 cm in length and used for microscopy analysis as hand cross-sections or as peeled-off segments for direct observation of silica aggregates.
In vitro cultivation of detached root segments Seedlings were grown for 3 d in the Si � treatment. Subsequently, primary root segments 1�5 cm in length were detached sequentially from the region 0-15 cm from the root tip (total primary root length was �15 cm). Lateral roots emerging from the root segments were removed mechanically. Corresponding segments obtained from ten plants were placed in separate Erlenmeyer flasks with 50 mL of 1 = 2 Hoagland solution containing 2 % sucrose and sodium silicate solution at a final concentration of 1 mmol dm
�3
. Segments were cultured for 72 h in darkness at 25 � C, with continuous shaking at 60 rpm. Subsequently, the segments were used for microscopy analysis as hand cross-sections or as peeled segments for direct observation of silica aggregates. Additionally, the formation of silica aggregates in primary root segments with removed rhizodermis and outer cortex was tested. Seedlings were grown for 3 d in the Si � treatment. Subsequently, two types of root segments were prepared from the region 1-3 cm from the root-shoot junction: (1) segments from which the rhizodermis and the cortical tissues, including the outer parts of endodermis, had been mechanically removed (peeled-off segments); and (2) segments with preserved rhizodermis and cortical tissues (intact segments). Segments were obtained from ten plants and cultured as described above.
Digestion of roots with sulphuric acid
Seedling were grown for 3 d in the Siþ treatment and then root segments were collected from the primary root region 2-3 cm from the root-shoot junction. For scanning electron microscopy, the segments were placed on a glass slide and a drop of 96 % sulphuric acid was added. The samples were then warmed to 50 � C and gently rewashed in distilled water until oxidized organic material had been removed. For Raman analyses the root segments were placed in centrifuge tubes filled with 96 % sulphuric acid for 10 or 60 min. Some segments were after the 60 min dissolution with sulphuric acid additionally rinsed with 1 M NaOH. All segments were afterwards washed with distilled water and analysed. Polymerized sodium silicate was prepared from Na 2 O(SiO 2 ) x �xH 2 O stock solution, air-dried at room temperature for 24 h.
Raman microspectroscopy
Seedlings were grown for 3 d in the Siþ or Si � treatment. Subsequently, hand cross-sections were prepared from the following primary root regions: (1) RL5 % (region at 5 % of the total primary root length measured from the root tip); (2) RL25 %; (3) RL50 %; and (4) RL75 %. Several cross-sections of each region were separately stained with phloroglucinolHCl (PHG) in order to check the lignification of ITCWs. Isolated silica aggregates were collected from Siþ plants as described above. Individual samples were placed on microscopy slides, mounted in distilled water, covered with coverslips and sealed with nail polish to avoid water evaporation. Raman spectra were collected with an InVia spectrophotometer (Renishaw, UK) equipped with a 532 nm laser. Measurements were performed with 45 mW laser power, 0.1 s acquisition time and 300 accumulations per measurement. For the analysis of endodermal development, at least five spectra per region collected from each root were used. Samples were collected from four different roots. Spectral processing was performed with WIRE3.2 software (Renishaw, UK). The assignments of Raman bands used in spectral analysis are listed in Table 2 .
Light and fluorescence microscopy
Alkali-induced fluorescence (AIF), used for the visualization of silica aggregates and lignified cell walls (based on Harris and Hartley, 1976) , was performed with 0�1 mM NaOH mounting solution. Lignin staining was performed also with PHG (Soukup, 2014) and with 1 mM neutral red (NR) at pH 5�8 (Dubrovsky et al., 2006) . Visualization of suberin lamellae was carried out by staining with 0�01 % fluorol yellow 088 in lactic acid for 30 min. Fluorescence antifading solution (0�1 % FeCl 3 in 50 % glycerol) was added afterwards (Brundrett et al., 1991; Lux et al., 2005) . Visualization of cell wall 
polysaccharides was performed according to Johnsen and Krause (2014) with an 0�1 % aqueous solution of Congo red (CR) for 5 min. The samples were then washed with 0.1 M NaCl and observed. Microscopy observations were performed with a fluorescence microscope (Axioskop 2 Plus, Carl Zeiss, Germany). For fluorescence microscopy, filter set 25 (excitation filter TBP 400 þ 495 þ 570 nm, beamsplitter TFT 410 þ 505 þ 585 nm and emission filter TBP 460 þ 530 þ 610 nm) was used.
Scanning electron microscopy and energy-dispersive X-ray analysis
Primary roots digested with sulphuric acid (described above) were placed on a carbon stand, dried in EM-DSC 10 (JEOL, Japan) and coated with carbon vapour in a JFC-1100 machine (JEOL, Japan). Observations were performed with a JXA-840A scanning electron microscope (JEOL, Japan) with accelerating voltage 15 kV. The elemental composition of the observed samples with emphasis on silicon was determined by energy-dispersive X-ray analysis performed with a Delta III (Kevex, USA) analyser coupled with the previously mentioned electron microscope. The analysed spectra were obtained in the range of 0�1-10.1 keV collected for 100 s.
Water retention capability of primary roots
After standard pre-cultivation, seedlings were grown with primary root apices submerged in hydroponic media and the basal parts of the roots (0-4 cm from the root-shoot junction) were exposed to air during the entire experiment (Supplementary Data Fig. S3 ). Hydroponic media contained (1) distilled water only (Si � /AE) or (2) distilled water containing sodium silicate at a final concentration of 1 mmol dm �3 (Siþ/AE). The final pH of the solutions was adjusted to 5�8. Cultivation lasted 3 d and was performed under standardized controlled conditions. Root water retention capability was determined as the rate of water evaporation from the surface of primary roots grown exposed to air. Measurements were performed with a CIRAS-2 system (PP Systems, UK) attached to an infrared gas analyser 10 min after the roots were placed in the measuring system. Root apices were kept submerged in distilled water during the entire measurement. Five roots per treatment were used for analyses.
Digital image analysis and statistics
Digital documentation of the microscopy images was carried out with a DP72 digital camera (Olympus, Japan). Morphological characteristics of silica aggregates were assessed by the analysis of either all detected or minimally 1500 aggregates observed in ten primary roots or segments per treatment, performed with Lucia image analysis software (v. 4.80, 2002, Laboratory Imaging, Czech Republic) . Root elongation was determined as the primary root length difference between the beginning and end of treatments.
All data were analysed by one-way analysis of variance (ANOVA; Statgraphics Centurion XV, v. 15.2.05, StatPoint) and are presented as the mean 6 s.d. or s.e. 
RESULTS
Silicic acid uptake and transfer to root endodermis
The transcription of silicon transporters SbLsi1, SbLsi2 and SbLsi6 in the apical and basal parts of primary roots was investigated by quantitative RT-PCR in seedlings grown with or without silicon supplementation. In both treatments, the transcription of silicon transporter genes dominated in the apical part of roots. In response to silicon supplementation, SbLsi1 and SbLsi2 were upregulated by 42�7 and 160�2 %, respectively. In contrast, the transcription of SbLsi6 was markedly lower compared with SbLsi1 and SbLsi2, and was downregulated by silicon treatment to 33�6 % (Fig. 1) . In the root base region (active in the formation of silica aggregates), the transcription of silicon transporter genes was significantly lower and did not respond to silicon treatment. To investigate the pattern in which silicic acid is supplied to the endodermis in actively silicifying regions of primary root, silicon was provided only to the apical parts and the symplasmic continuum of root cortex was mechanically interrupted (Siþ/apex treatment; Supplementary Data Fig. S2 ). After 24 h, the average diameter of aggregates in the basal part of root reached 4.82 60�96 lm. When only the basal part of the primary root and emerging lateral roots were exposed to the silicon source (Siþ/base treatment; Supplementary Data Fig. S2 ), the average diameter of aggregates in the basal part of root was 5�94 61.54 lm. No aggregates were found in the apical part of roots, where the silicon transporters are mostly transcribed (Fig.  1) , or in the peeled-off regions in any of the tested treatments.
Dynamics of endodermal ITCW development
The development of endodermal ITCWs in primary roots was observed in hydroponically grown plants and in detached primary root segments cultivated in vitro. In hydroponically grown plants the ontogenesis of root endodermal cells displayed a position effect, e.g. the progression of distinctive stages of endodermal development initiated in cells adjacent to the phloem poles of vascular tissues, continued in cells corresponding to xylem poles, and lastly occurred in passage cells. This pattern was maintained in the development of the suberin lamellae and lignified tertiary cell walls, and also in the formation of silica aggregates. Silica aggregation was observed only in cells with developed suberin lamellae and occurred simultaneously with the formation of tertiary ITCWs ( Supplementary  Data Fig. S4 ). The aggregates were usually localized along the junctions of adjacent pericycle cells and their average diameters correlated positively with the age of endodermal cells.
The in vitro cultivation of detached root segments confirmed that silica aggregation occurs only in endodermal cells with developed suberin lamellae and tertiary cell walls, as it was observed in hydroponic experiments with intact plants. Moreover, it indicated that silica aggregation occurs even if root integrity and the water transpiration stream were not preserved. The distribution of aggregates on the endodermal ITCWs was regular, but their diameters tended to decrease with the thickness of ITCWs (Supplementary Data Fig. S5 ). In segments where the root cortex was peeled off, no aggregates were observed.
Raman microspectroscopy of endodermal ITCWs
The formation of silica aggregates in detached root segments indicated that silicification is concerted rather by ITCW architecture than by systemic silicon transport. Raman microspectroscopy was thus used to investigate the composition of endodermal ITCWs during development and to identify structural changes in response to silicon supplementation.
Only minor differences were detected between Siþ and Si � treatments, without any notable qualitative transformation caused by Si supplementation (Fig. 2) . Quantitative differences between treatments were observed mostly in spectral regions assigned to C¼O stretching (1670-1760 cm �1 ), to -OCH 3 and -OH groups conjugated to aromatic rings (1140-1190 cm �1 ) and to phenolic compounds (1550-1670 cm �1 ) ( Fig. 2A-D) . The differences were most pronounced in region RL50 %, where the spectra collected from ITCWs in the Siþ treatment indicated earlier onset of lignification, manifested by the coniferyl alcohol signal occurring as a shoulder at 1650-1660 cm
�1
. The result was supported by PHG staining ( Supplementary  Data Fig. S6 ).
Relative contributions of selected cell wall components to ITCW composition are shown in Fig. 3 . In both treatments, the content of phenolic compounds (1601 cm �1 ) progressively increased throughout the development of ITCWs, with a prominent contribution of ferulic acid (1631 cm
). The ratio of arabinoxylan (492 cm �1 ) to cellulose was highest in the RL5 % region, declined at RL25 %, and remained almost constant in the later stages of development. In the Siþ treatment, the difference between region RL25 % (no aggregates formed yet) and region RL50 % (aggregates were already present) was predominantly attributable to ITCW lignification (Supplementary Data Fig. S7 ).
Histochemical analyses of endodermal ITCWs
The composition of mature endodermal ITCWs was further investigated by CR staining (polysaccharides), NR staining (lignin/hydrophobic substances), the PHG reaction (lignin) and AIF (silica aggregates, lignin/ferulic acid). The CR staining showed the presence of a polysaccharide-rich layer localized on the lumen-oriented side of the tertiary ITCWs (Fig. 4A, C) . Whereas in the Siþ treatment the layer appeared partially disturbed by the tips of silica aggregates (Fig. 4B) , in the Si � treatment it covered the entire inner surface of ITCWs (Fig.  4D) . The ITCWs exhibited intense lignification in cross-sections of samples from both Siþ and Si � treatments. Direct observation of the exposed ITCWs stained with PHG showed no or an inconclusive reaction (Fig. 4F, H ), most likely due to the presence of a non-lignified polysaccharide-rich layer at the inner surface of ITCWs. Nonetheless, NR staining revealed a non-homogeneous distribution of lignin in the ITCWs. In the Siþ treatment, non-lignified spots overlapped with silica aggregate positions and in the Si � treatment they retained a distribution identical to that observed in the Siþ treatment (Fig. 4J,  L) . The longitudinal view of the AIF-treated samples in the Siþ treatment showed clearly the distribution of silica aggregates within the ITCWs (Fig. 4N ). In the Si � treatment AIF revealed the presence of non-fluorescent spots exhibiting the same arrangement as observed by NR, indicating the absence of lignin in these positions (Fig. 4P) .
Analyses of silica aggregates
To study the silica aggregate composition, Raman spectra were collected from aggregates in the intact state, i.e. directly from the exposed ITCWs or cross-section samples. The aggregate spectra collected in the RL75 % region exhibited several differences from spectra acquired from the ITCWs in the corresponding root region of the Siþ or Si � treatment (Fig. 5) . In particular, the intact aggregates showed an increased signal in the C¼O stretching region (1670-1760 cm �1 ), an increased ratio of phenolic compounds to cellulose and a higher contribution of ferulic acid to phenolic compounds. The most notable difference was observed in the arabinoxylan/hemicellulose region at 400-500 cm
�1
, exhibiting a peak at 489 cm �1 . Additionally, a peak shift was observed at 986 ! 979 cm �1 , accompanied by increased signal intensity relative to cellulose. . Data represent the relative intensity of individual component-specific peaks to the cellulose peak at 1093 cm �1 and are presented as mean 6 s.e. Different letters above columns represent statistically significant differences; ANOVA, LSD test; P < 0�05.
Digestion of primary roots with sulphuric acid removed most of the organic material and yielded a compact ITCW residue with attached silica aggregates and several aggregates isolated separately (Fig. 6A-C) . Under light microscopy investigation the isolated aggregates exhibited a lamellar structure, recognizable mostly in their basal portion. The distribution of silicon was determined by energy-dispersive X-ray analysis and confirmed its abundance within the silica aggregates as well as in the ITCW residue, though a much lower signal was detected in the latter (Fig. 6D, E) .
Raman analysis of aggregates isolated by 10-min sulphuric acid digestion showed residual signals of arabinoxylan/hemicellulose and ferulic acid (Fig. 7) . In addition, a peak shift 489 ! 483 cm �1 was detected in comparison with spectra collected from an intact aggregate. Prolonged 60-min sulphuric acid digestion eliminated the ferulic acid signal but did not affect the signal of arabinoxylan/hemicelluloses any further (Fig. 7) . In samples digested with sulphuric acid for 60 min and washed in 1 M NaOH, the arabinoxylan/hemicellulose signal declined and the spectra obtained were almost identical to those collected from polymerized sodium silicate (Fig. 7) .
Silica aggregation in roots is enhanced by drying but does not support water retention
To investigate the role of endodermal silicification in the water retention capability of sorghum primary roots, seedlings were grown with root bases exposed to air and root apices submerged in hydroponic media (Supplementary Data Fig. S3 ) with or without silicon supply (Siþ/AE and Si � /AE, respectively). The rate of water evaporation measured in the Siþ/AE treatment did not show a significant difference from that in the Si � /AE treatment, but indicated rather the opposite trend (Fig.  8) , i.e. reducing the ability of roots to block water leakage. Despite this result, the Siþ/AE treatment exhibited significantly lower growth reduction due to root base desiccation in comparison with Si � /AE (Fig. 9) . Moreover, in the air-exposed parts of Siþ/AE primary roots the diameter of silica aggregates increased to 11�72 6 2�03 mm, in comparison with 9�55 6 1�99 mm in roots grown entirely submerged in Siþ medium (data are mean 6 s.d.; P < 0�05).
DISCUSSION
Because silicic acid is prone to following the movement of water, its uptake by living systems is almost unavoidable. Evaporation or selective uptake of water from the apoplast then leads to silicic acid condensation, and silica precipitation can occur. Inability to control the content and translocation of silicic acid might thus result in its uncontrolled precipitation on membranes or biomolecules and impair their functionality. Therefore, the evolutionary point of view suggests that controlled silicification evolved as a protective mechanism against the toxicity of silicic acid (Evered and O'Connor, 1986; Exley, 2009) . Early mechanisms for its safe detoxification thus continually evolved into a complex adaptation providing many important benefits to silicon-accumulating plants (Hodson et al., 2005; Strömberg et al., 2016) .
Silicon supply to sorghum root endodermis
The response of root silicic acid transporters to silicon supplementation differs even within the group of silicon-accumulating plants . Whereas in rice the expression of Lsi1 is downregulated, in maize, barley and wheat no effect of silicon supplementation was observed. On the other hand, the expression of Lsi2 was downregulated by silicon treatment in all these species. In sorghum, we observed upregulated transcription of both Lsi1 and Lsi2 transporters, which we consider to be a necessary step in providing sufficient silicon input for silica aggregation in the sorghum root endodermis. In support of this, we reported recently a positive correlation between the content of silicic acid in the substrate and the sizes of silica aggregates in sorghum roots . Our results confirmed that silicic acid is actively absorbed in the root apex, is transferred basipetally via the central cylinder, and enters the aggregation sites in the endodermis by outward movement from the central cylinder, as proposed by Lux et al. (2003) .
Dynamics of endodermal ITCW development
The development of the sorghum root endodermis followed a pattern typical of monocotyledonous species, including the formation of Casparian bands (data not shown), the deposition of suberin lamellae (considered as the secondary cell wall) and an asymmetrical deposition of a thick lignocellulosic tertiary wall on the inner tangential side of the endodermal cells (White, 2001; Enstone et al., 2003) . Our results further confirmed that silica aggregation in silicon-supplied plants appeared simultaneously with the formation of tertiary ITCWs, as suggested by . Sangster and Parry (1976b) and Hodson and Sangster (1989) . Throughout the entire development of endodermal ITCWs, we observed a progressive increase in the content of phenolic compounds, especially ferulic acid. In grasses, ferulic acid serves to tether cell wall arabinoxylans in order to improve the stiffness of growing cell walls (Kamisaka et al., 1990) . Moreover, it establishes binding sites for subsequent deposition of lignin (Jacquet et al., 1995; Ralph et al., 1995) . In sorghum roots, we detected earlier onset of endodermal lignification in response to silicon supplementation. Similar results were observed in rice (Fleck et al., 2011) and maize (Luka cov a et al., 2013).
Specific roles of cell-wall components in the formation of silica aggregates
The participation of non-cellulosic polysaccharides in the silicification of plant cell walls was identified in several plant species ( Perry, 2009; Law and Exley, 2011; Leroux et al., 2013; He et al., 2015) . In grasses, arabinoxylans and mixed-linkage glucans are the predominant non-cellulosic cell wall polysaccharides forming the grass cell wall matrix (Carpita, 1996; Fry et al., 2008; Kozlova et al., 2014; Mikkelsen et al., 2015) . Enhanced deposition of arabinose and xylose during the initial stage of silicification in lemma hairs of Phalaris canariensis (Perry et al., 1987) suggests their direct involvement in silica deposition. In the later stage of hair silicification, the synthesis of arabinose and xylose declined, whereas the synthesis of mixed-linkage glucans was enhanced and affected the structure . Root length increment in sorghum primary roots grown with root bases exposed to air and root apices submerged in distilled water with (Siþ/AE) or without (Si�/AE) silicon supplementation, and in roots grown entirely submerged in distilled water with (Siþ) or without (Si�) siicon supplementation. Data are presented as mean 6 s.e. Different letters above the columns represent statistically significant differences between the treatments; ANOVA, LSD test; P < 0�05.
of subsequently deposited silica. However, the mixed-linkage glucans seem not to be responsible for silicification, as their absence did not stop the deposition of silica in rice leaves but instead resulted in its ectopic distribution (Kido et al., 2015) . Several studies reported that cell wall phenolics might contribute to silicification as well (Scurfield et al., 1974; Inanaga and Okasaka, 1995; Fang and Ma, 2006; Zhang et al., 2013; Fleck et al., 2015) . Ferulic acid is one of the main phenolic substances in grass cell walls (Harris and Hartley, 1976; Buanafina, 2009) , and it is capable of interaction with silica surfaces through several functional groups (Kulik et al., 2009) . Moreover, in view of the fact that ferulic acid is the main source of cell wall autofluorescence in grasses (Lichtenthaler and Schweiger, 1998) , the fluorescent properties of grass silica phytoliths (Dabney et al., 2016) , including sorghum root aggregates , suggest its participation in silica deposition. Ferulic acid binds to arabinoxylans (Ishii, 1997; Buanafina, 2009 ) and anchors coniferyl alcohol, which initiates the deposition of lignin in grasses (Jacquet et al., 1995; Ralph et al., 1995; Grabber et al., 2002; Barros et al., 2015) . Since silica aggregation sites were predetermined by a local absence of lignification, we propose a model for silica aggregate formation that involves both arabinoxylan and ferulic acid.
As the movement of silicic acid follows that of water, their apoplasmic routes can be modified or blocked by hydrophobic substances, such as lignin or suberin. The non-homogeneous deposition of lignin in the ITCWs can thus restrict and concentrate the flow of silicic acid from the central cylinder directly to the silicification sites. The non-lignified silicification sites in the ITCWs contain arabinoxylan-ferulic acid complexes that exhibit a high density of lone electron pairs (ester bond, aromatic ring, hydroxyl groups). Such negative dipoles can interact with the hydroxyl groups of silicic acid and facilitate its condensation to silica. Our model thus predicts that arabinoxylanferulic acid complexes serve as nucleation sites for silicification and remain trapped inside the aggregates. We supported this prediction by showing that the aggregates contain ferulic acid and hemicelluloses by Raman and fluorescence microscopy. Since the endodermal ITCWs constitute the silicification sites independently of the presence of silicon, they are able to trap and polymerize silicic acid even if supplied at later stages of development (Supplementary Data Fig. S5) .
To complement the model, we are suggesting also a role for mixed-linkage glucans. This group of polysaccharides forms a cell wall matrix that embeds arabinoxylans (Kozlova et al., 2014; Mikkelsen et al., 2015) . Regarding the fact that mixedlinkage glucans are clearly not responsible for silicification (Kido et al., 2015) , we suggest that their role is to prevent the ectopic interaction between silicic acid and arabinoxylan-ferulic acid complexes. Consequently, mixed-linkage glucans allow the movement of silicic acid through non-lignified portions of cell walls without spontaneous precipitation. The organized distribution of mixed-linkage glucans and lignin can thus regulate the apoplasmic movement of silicic acid and establish specific sites for silica deposition.
Silica-lignin cross-talk in plant cell walls
Plants supplied with silicon can often exhibit alterations in the quantitative composition of organic cell wall constituents (Zhang et al., 2015) . A structural trade-off between silica and lignin was reported in rice (Suzuki et al., 2012; Yamamoto et al., 2012) and in a number of wetland species (Schoelynck et al., 2010) . As the deposition of silica has 20-fold lower metabolic costs than lignification whilst providing comparable compression resistance, silicification is at least to some extent preferable (Raven, 1983) . So far, the mechanism of silica-lignin trade-off is not clear, but the interaction between silicic acid and arabinoxylan-ferulic acid complexes suggests a model explaining this phenomenon. As the silicic acid binds to the arabinoxylan-ferulic acid complex and condensates, steric modification of the complex occurs and this can hinder further attachment of monolignols to ferulic acid.
Regarding the silica-lignin trade-off, it is also necessary to consider the contrasting properties of these two components in their relationship to water. Whereas the nature of silica is predominantly hydrophilic, lignin exhibits a hydrophobic character. Silicification of sorghum roots was suggested to improve their water retention capability (Sangster and Parry, 1976a, b, c; Lux et al., 2002; Hattori et al., 2005) . However, the rate of water loss from the air-exposed roots indicated that the silicification of the endodermis did not support its function as a water leakage barrier. On the other hand, silicon supplementation reduced the root growth inhibition imposed by desiccation.
The physiological roles of lignin and silica cannot be considered as identical and their trade-off must be investigated in more detail. Even though only minor differences in the ratio between silica and lignin contents occur, changes in their distribution in specific tissues can markedly affect the balance of water movement in the plant.
CONCLUSIONS
We propose a model of silica aggregate formation in sorghum roots, controlled by the architecture and development of endodermal cell walls (Fig. 10) . Silica aggregation sites are established during the development of tertiary endodermal cell walls by non-homogeneous lignification. As the movement of silicic acid follows that of water, their flow is directed through the non-lignified spots in the cell wall, where silicic acid accumulates and condensates at arabinoxylan-ferulic acid complexes. Since the aggregation sites are established independently of the presence of silicon, the formation of silica aggregates in sorghum roots exhibits the attributes of a genetically predetermined adaptation.
Therefore, we suggest that the specific organization of cell wall components can direct the apoplasmic movement of silicic acid and establish the locations favouring silica deposition. Our results indicate that silica-cell wall interaction in grasses can be provided by arabinoxylan-ferulic acid complexes. This interaction implies that silicification can hinder further deposition of lignin and explain the mechanism of the structural trade-off between these two components. Even though silica and lignin can provide comparable stiffness, they cannot be considered as structural equivalents due to contrasting hydrophobicity. On the other hand, their specific distribution in cell walls can thus affect the balance of water movement in plant tissues and help to sustain adverse environmental conditions by more sophisticated means.
SUPPLEMENTARY DATA
Supplementary data are available online at www.aob.oxfordjour nals.org and consist of the following. Figure S1 : cross-section diagram of intact primary root (left panel) and of peeled-off root segment with removed rhizodermis and outer cortical tissues (right panel). Figure S2 : experimental setup to investigate silicic acid uptake and transfer to silica aggregation sites in the endodermis. Figure S3 : experimental setup to investigate the Formation of tertiary inner tangential wall initiates. In the Siþ treatment it is already accompanied by non-homogeneous deposition of lignin with a preserved nonlignified spot predetermined for silica aggregation. As the silicic acid enters the non-lignified cell wall matrix, its condensation and polymerization start to occur at arabinoxylan-ferulic acid complexes. (IV) Development of tertiary cell wall continues. In the Siþ treatment the silica aggregate grows in the non-lignified portion of the cell wall. In the Si� treatment the delayed lignification of tertiary cell wall initiates, following a pattern identical to that observed in the Siþ treatment. (V) Final stage of endodermal development. Suberin lamellae are deposited around the entire cell wall. Silica aggregate is incorporated within the tertiary wall and protrudes towards the cell lumen. In the Si� treatment the non-lignified spot is preserved, allowing the formation of silica aggregates after silicon supplementation is provided even in the later stages of development.
effects of root base desiccation on silica aggregation in root endodermis. Figure S4 : dynamics of endodermal development in the extended 10-d hydroponic cultivation in HS/Siþ treatment. Figure S5 : dynamics of endodermal development in detached root segments cultivated in vitro. Figure S6 : phloroglucinolHCl staining of primary root samples collected in distinct regions along the root axis. Figure S7 : Raman spectra representing the structural difference between the inner tangential walls of primary root endodermal cells in regions RL50 % and RL25 % of Siþ treated plants.
